The effectiveness of a novel semiactive variable stiffness-tuned mass damper ͑SAIVS-TMD͒ for the response control of a wind-excited tall benchmark building is investigated in this study. The benchmark building considered is a proposed 76-story concrete office tower in Melbourne, Australia. It is a slender building 306 m tall with a height to width ratio of 7.3; hence, it is wind sensitive. Across wind load data from wind tunnel tests are used in the present study. The objective of this study is to evaluate the new SAIVS-TMD system, that has the distinct advantage of continuously retuning its frequency due to real time control and is robust to changes in building stiffness and damping. In comparison, the passive tuned mass damper ͑TMD͒ can only be tuned to a fixed frequency. A time varying analytical model of the tall building with the SAIVS-TMD is developed. The frequency tuning of the SAIVS-TMD is achieved based on empirical mode decomposition and Hilbert transform instantaneous frequency algorithm developed by the writers. It is shown that the SAIVS-TMD can reduce the structural response substantially, when compared to the uncontrolled case, and it can reduce the response further when compared to the case with TMD. Additionally, it is shown the SAIVS-TMD reduces response even when the building stiffness changes by Ϯ15% and is robust; whereas, the TMD loses its effectiveness under such building stiffness variations. It is also shown that SAIVS-TMD can reduce the response similar to an active TMD; however, with an order of magnitude less power consumption.
Introduction
The effectiveness of tuned mass dampers ͑TMDs͒ ͑Den Hartog 1947͒ and multiple tuned mass dampers ͑Igusa and Xu 1992͒ have been investigated. TMD is very sensitive to tuning frequency ratio, even when optimally designed ͑Den Hartog 1947͒. MTMD ͑Igusa and Xu 1992; Abe and Fujino 1994; Kareem and Klein 1995͒ can overcome the limitation of the TMD by distributing the natural frequencies of a number of TMDs around the fundamental natural frequency of the structure. Active tuned mass dampers ͑ATMDs͒ ͑Soong 1990; Spencer and Nagarajaiah 2003; Yang et al. 2004͒ and active mass dampers ͑Soong 1990; Reinhorn et al. 1993; Ikeda et al. 2001; Spencer and Nagarajaiah 2003͒ have also been developed and implemented widely for the active response control of buildings and bridges. Semiactive TMD has been investigated by Hrovat et al. ͑1983͒ and Igusa ͑1996͒ .
Semiactive control of linear and nonlinear structures has gained considerable attention in recent years ͑Spencer and Nagarajaiah 2003͒. In semiactive systems reactive forces that develop due to variable stiffness or damping devices in the system control the response, as compared to direct application of active control force. Devices which can vary stiffness or damping need nominal power. Additionally, semiactive systems can behave as passive devices in the event of a loss of power; thus are reliable. Several new variable damping devices, such as magnetorheological dampers ͑Spencer et al. 1997͒, variable orifice dampers ͑Ku-rata et al. 1999; Symans and Constantinou 1999͒, electrorheological dampers ͑Gavin 1998͒, and variable stiffness devices have been developed ͑Kobori and Takahashi 1993; Bobrow et al. 2000; Yang et al. 2000; Nasu et al. 2001͒ . A new semiactive continuously and independently variable stiffness ͑SAIVS͒ device has been developed and patented by Nagarajaiah ͓U.S. Patent No. 6,098,969 ͑2000͔͒. Based on this device a new semiactive variable stiffness-tuned mass damper ͑SAIVS-TMD͒ has been developed by Nagarajaiah and Varadarajan ͑2000͒. The SAIVS-TMD has a single mass with a variable stiffness spring as shown in Fig.  1 . The system has the distinct advantage of continuously retuning its frequency due to real time control thus making it robust to changes in building stiffness and damping; whereas, the passive TMD can only be tuned to a fixed frequency. In addition, SAIVS-TMD will behave as a fail-safe TMD system; hence, SAIVS-TMD is reliable.
In this study, the effectiveness of the new SAIVS-TMD for the vibration control of a wind-excited tall benchmark building is evaluated. An analytical model of the tall building with the SAIVS-TMD is developed. The frequency tuning of the SAIVS-TMD is achieved based on a new empirical mode decomposition ͑EMD͒ and Hilbert transform ͑HT͒ instantaneous frequency con- trol algorithm developed by the writers. Detailed comparisons with a TMD and an ATMD with a linear quadratic Gaussian ͑LQG͒ controller developed by Yang et al. ͑2004͒ are presented. It is shown that SAIVS-TMD can reduce the response similar to that of an ATMD; however, with much less power consumption. It is shown that the SAIVS-TMD is very effective in reducing the response and is robust under building stiffness changes.
Semiactive Variable Stiffness Device and Semiactive Variable Stiffness-Tuned Mass Damper
Nagarajaiah ͓U.S. Patent No. 6,098,968 ͑2000͔͒ has developed a new and innovative SAIVS device, which can change its stiffness continuously, independently, and smoothly between maximum and minimum stiffness. The SAIVS device consists of four spring elements arranged in a plane rhombus configuration with four pivot joints at the vertices as shown in Fig. 1 . A linear electromechanical actuator configures the aspect ratio of the rhombus configuration of SAIVS device, under computer control. The aspect ratio changes between the fully closed ͑first diagonal between joints 1 and 2 being nearly zero͒ and open configurations ͑second diagonal between joints 3 and 4 being nearly zero͒ producing maximum and minimum stiffness, respectively. The control algorithm and controller are used to regulate the linear electromechanical actuator. The power required by the actuator to change the aspect ratio of the device is nominal. The variable stiffness of the SAIVS device can be described by the following equation:
K͑t ͒ϭk e cos 2 "͑t ͒…
where K(t)ϭtime varying stiffness of the device; k e ϭconstant spring stiffness of each spring element; and (t)ϭtime varying angle of the spring elements with the horizontal in any position of the device as shown in Fig. 1 . The SAIVS device has maximum stiffness in its fully closed position ͓(t)ϭ0͔ and minimum stiffness ͓(t)ϳ/2͔ in its fully open position ͑see Fig. 1͒ . The device can be positioned in any configuration between the closed and open positions; thus, the device is capable of varying the stiffness continuously and smoothly between the maximum and minimum-the reader is referred to Nagarajaiah and Mate ͑1998͒, Nagarajaiah ͓U.S. Patent No. 6,098,969 ͑2000͔͒, Spencer and Nagarajaiah ͑2003͒ for force-displacement loops showing the continuous variation of stiffness from maximum to minimum. The SAIVS device has been tested and shown to be effective by Nagarajaiah and Mate ͑1998͒ and Nagarajaiah and Varadarajan ͑1999͒.
The SAIVS-TMD has been developed by Nagarajaiah and Varadarajan ͑2000͒, based on SAIVS device, and studied using a three-story scaled model both analytically and experimentally. The SAIVS-TMD consists of the SAIVS device attached to a mass damper as shown in Fig. 1 . The tuning is accomplished by varying the stiffness of the TMD continuously with real time control using the SAIVS device. Nagarajaiah and Varadarajan ͑2000͒ have developed the HT instantaneous frequency control algorithm and shown its effectiveness analytically and experimentally. In this paper, the newly developed SAIVS-TMD and the EMD and HT algorithm are applied for vibration control of a wind excited tall benchmark building.
Analytical Modeling
A detailed time varying analytical model is developed with a linear time invariant primary system and time variant SAIVS-TMD system. The SAIVS-TMD with a mass of 500 tons ͑mass ratioϭ0.327% with respect to the total mass of the building͒, similar to the TMD and ATMD, is considered. The first five natural frequencies of the primary structure are 0. 16, 0.765, 1.992, 3.79, and 6.395 Hz; the corresponding damping ratio of the modes is 1%. In order to evaluate the robustness of the controller, a stiffness uncertainty of Ϯ15% is considered. The building fundamental frequency is 0.172 Hz in the ϩ15% case and 0.148 Hz in the Ϫ15% case. The frequency of the SAIVS-TMD can vary between 0.148 to 0.172 Hz. The damping ratio of the SAIVS-TMD is chosen to be 7% for optimal response reduction. To save computational effort reduced-order 24 degrees of freedom ͑DOF͒ model is used. The first 48 complex modes are used in the model. The state space model of the system is as follows:
with Xϭ(x,ẋ ), where x includes the displacements at the reduced-order 23 DOF; and x m ϭthe TMD displacement; all with respect to the ground, Y (t)ϭ76th floor displacement. wϭthe excitation and vϭmeasured noise. The specified nondimensional performance criteria ͑Yang et al. 2004͒ are used for comparisons and evaluation of the response. Values of less than 1.0 for each performance criterion means a reduction in the response in the case with control when compared to the uncontrolled case, except for performance indexes J 5 , J 6 , J 11 , and J 12 . For further details of these criteria, the reader is referred to Yang et al. ͑2004͒.
Empirical Mode Decomposition and Hilbert Transform Algorithm
The EMD technique, developed by Haung et al. ͑1998͒, adaptively decomposes a signal into ''intrinsic mode functions'' ͑IMFs͒ that admit a well-behaved HT. The time-frequency representation is extracted from the decomposition, using the Hilbert amplitude spectrum. The principal technique is to decompose a signal into a sum of functions that: ͑1͒ have the same numbers of zero crossings and extrema, and ͑2͒ are symmetric with respect to the local mean. The first condition is similar to the narrow-band requirement for a stationary Gaussian process. The second condition modifies a global requirement to a local one, and is necessary to ensure that the instantaneous frequency will not have unwanted fluctuations as induced by asymmetric wave forms. These functions are called intrinsic mode functions ͑denoted by IMF i or x i ) obtained iteratively ͑Haung et al. 1998͒. The jth DOF displacement, x j (t), can be decomposed as follows:
where r n (t)ϭresidue of the decomposition. The intrinsic mode functions are obtained using the following algorithm: 1. Initialize; r 0 ϭx (t), iϭ1. 2. Extract the IMF i as follows:
• Initialize: h 0 (t)ϭr iϪ1 (t), jϭ1.
• Extract the local minima and maxima of h jϪ1 (t).
• Interpolate the local maxima and the local minima by a spline to form upper and lower envelopes of h jϪ1 (t).
• Calculate the mean m jϪ1 of the upper and lower envelopes.
• h j (t)ϭh jϪ1 (t)Ϫm jϪ1 (t).
• If the stopping criterion is satisfied, then set IMF i (t) ϭh j (t) or go to the extraction of the local minima and maxima of h jϪ1 (t) with jϭ jϩ1. 3. r i (t)ϭr iϪ1 (t)ϪIMF i (t). 4. If r i (t) still has at least two extrema then go to step 2 with iϭiϩ1 or the decomposition is finished and r i (t) is the residue. The analytical signal, y i (t), associated with each IMF i (t) or x i (t) component can be obtained as follows:
where the HT
hence
As per Eq. ͑6͒ and Cohen ͑1995͒, the analytic signal can also be obtained by: ͑1͒ taking the Fourier transform of x i (t); ͑2͒ zeroing the amplitude for negative frequencies and doubling the amplitude for positive frequencies; and ͑3͒ taking the inverse Fourier transform. The analytic signal y i (t) can also be expressed as
where A i (t)ϭinstantaneous amplitude; and i (t)ϭinstantaneous phase
The instantaneous frequency ͑Cohen 1995͒, corresponding to an IMF i (t) or x i , is given by
Empirical Mode Decomposition ÕHilbert Transform Instantaneous Frequency Control Algorithm
The stiffness of the SAIVS device is varied continuously to tune the SAIVS-TMD. The instantaneous frequency is identified based on empirical mode decomposition and Hilbert transform ͓Eqs. ͑4͒-͑13͔͒ algorithm. The displacement of the 76th floor is the only feedback used in the instantaneous frequency algorithm. Once the dominant instantaneous frequency at which the structure is responding is identified, the stiffness of the SAIVS-TMD is adapted to tune and maximize the response reduction. The normalized top floor displacement frequency response curvesnormalized with respect to static displacement-considering only the first mode and 1% modal damping, for the cases with 0 and Ϯ15% stiffness uncertainty are shown in Fig. 2 . For the wind response computations, all modes are considered. The first mode frequency of the primary structure is 0.16, 0.148, and 0.172 Hz for the case with 0 and Ϯ15% stiffness uncertainty, respectively. The TMD is optimally tuned at 0.16 Hz for 0% stiffness uncertainty and maintained at originally tuned 0.16 Hz for Ϯ15% stiffness uncertainty; however, the SAIVS-TMD is retuned in the frequency range of 0.148 to 0.172 Hz. For 0% damping in the TMD case, the two resonant peaks occur at frequencies ϳ0.155 and ϳ0.165 Hz. As the damping in the TMD case increases to 7 and 20% a single resonant peak occurs at frequency ϳ0.16 Hz as shown in Fig. 2 ; the corresponding resonant peak occurs at ϳ0.148 and ϳ0.172 Hz in the Ϫ15 and ϩ15% stiffness uncertainty case, respectively. The tuning frequency ranges for the EMD/HT algorithm are chosen based on the frequency response curves, shown in Fig. 2 , to ensure optimal response reduction. In Figs. 2 and 4, the first range spans from 0.148 to 0.162 Hz, covering the response peaks in the case of Ϫ15 and 0% stiffness uncertainty, with a central frequency of 0.155 Hz. The second range spans 0.158 to 0.172 Hz, covering the response peaks in the case of 0 and ϩ15% stiffness uncertainty, with a central frequency of 0.165 Hz. The third range spans from 0.155 to 0.165 Hz-two resonant frequencies for 0% damping and the central frequencies of the first and second range-covering the response peak in the case of 0% stiffness uncertainty, with a central frequency of 0.16 Hz. The overlap of the three frequency ranges spans from 0.158 to 0.162 Hz-the range in which there is significant differences in response between the TMD ͑with 20% damping͒ and SAIVS-TMD cases. As is evident, generally, the frequency ranges for the EMD/HT algorithm can be arrived at based on the resonant frequencies for the original structure ͑with-out stiffness uncertainty͒ with an optimally tuned TMD, the frequencies of the structure with stiffness uncertainty, and the corresponding frequency response curves. 
Results
In the frequency response curves shown in Fig. 2 , TMD and SAIVS-TMD are equally effective for 0% stiffness uncertainty; although, SAIVS-TMD reduces the response slightly more than the TMD, the differences are not significant. However, as is evident in Fig. 2 , in the cases with Ϯ15% stiffness uncertainty, the SAIVS-TMD proves to be clearly more effective in reducing the response-with reductions of up to 35%-due to its distinct advantage of retuning. The computed response, for 0 and Ϯ15% stiffness uncertainty, to wind excitation is presented in detail; the comparisons between the displacement and acceleration response of TMD, ATMD, and SAIVS-TMD are presented. The responses of the TMD computed and presented in this study are identical to that of Yang et al. The computed displacement and acceleration response for 0% stiffness uncertainty is shown in Fig. 5 , for the three cases with TMD, SAIVS-TMD, and ATMD. The responses of the SAIVS-TMD and ATMD are comparable and are less than the response of the TMD. The corresponding IMF 1,2 components are shown in Fig. 6 ; the dominant component is used in selection of the SAIVS-TMD frequency as shown in Fig. 4 . The forcedisplacement response of the TMD spring and SAIVS device of the SAIVS-TMD are shown in Fig. 7 . The stiffness variation, evident in Fig. 7 , in the case of SAIVS-TMD, tunes the frequency continuously to achieve maximum reduction in response, whereas, the stiffness of the TMD remains fixed. From the 75th floor acceleration power spectral density for TMD, SAIVS-TMD, and ATMD ͑not shown due to space limitations͒ it is found that the SAIVS-TMD reduces the response in the first mode and as well as in the higher modes.
The simulation results are presented in Tables 1 through 5.  Table 1 compares the peak displacement and acceleration responses of the uncontrolled structure, the structure with TMD, the structure with SAIVS-TMD, and the structure with ATMD, in the case with 0% stiffness uncertainty. The TMD reduces the 76th floor displacement and acceleration response by 21 and 34%, respectively, when compared to the uncontrolled case. From Table  1 , it is evident that the SAIVS-TMD reduces the peak displacement and acceleration response of the 76th floor by 32 and 53%, respectively, when compared to the uncontrolled case; corresponding reductions in the case of ATMD are 28 and 49%, respectively. A further reduction in the case of SAIVS-TMD, when compared to the TMD case, is 10% response reduction in displacement and 29% response reduction in acceleration; the corresponding reductions in the case of ATMD are 9 and 23%. Hence, it is evident that SAIVS-TMD is as effective as ATMD in reducing the response. In the case of transient response to wind excitation, SAIVS-TMD is more effective than the TMD ͑even though the TMD is tuned in the case with 0% stiffness uncertainty͒ due to its distinct advantage of retuning-unlike the harmonic response, where both cases are equally effective as shown in Fig. 2 .
The root-mean-square ͑rms͒ displacement and acceleration responses are compared for the same cases in Table 2 . The reductions in the 76th floor displacement and acceleration RMS response are nearly 40 and 54%, respectively, in the case of SAIVS-TMD, when compared to the uncontrolled case; similar reductions are observed in the case of ATMD also. The 76th floor displacement and acceleration responses are further reduced by 13 and 22%, respectively, in the case of SAIVS-TMD, when compared to the TMD case.
In Table 3 , the performance criteria J 1 through J 12 are presented for SAIVS-TMD and ATMD cases for stiffness uncertainty, ⌬Kϭ0, and Ϯ15%. Similar performances in the SAIVS-TMD and ATMD cases are evident in Table 3 . A nearly 50% reduction occurs in the rms acceleration criteria, J 1 and J 2 , peak acceleration criteria, J 7 and J 8 . The reduction in the rms dis- placement criteria, J 3 and J 4 , peak displacement criteria, J 9 and J 10 varies from 15 to 50%. The performance in the case of SAIVS-TMD is nearly the same as the ATMD. However, the important difference in the case of SAIVS-TMD, is J 6 -the average power consumption-being significantly smaller, and J 12 -the peak power consumption-being an order of magnitude smaller, when compared to the ATMD. Fully active systems need substantial power since they apply active forces onto the ATMD. However, the SAIVS-TMD reduces the response due to continuous variation of stiffness and retuning of the frequency and not by application of active forces; thus, the semiactive case needs nominal power. Also, in the event of power failure, the SAIVS-TMD can act as a TMD and still be effective. Table 4 presents the peak displacement and acceleration responses for uncontrolled, TMD, ATMD, and SAIVS-TMD cases for stiffness uncertainty of ϩ15%. The TMD reduces the 76th floor displacement and acceleration response by nearly 20%, when compared to the uncontrolled case; the corresponding reductions in the case of SAIVS-TMD and ATMD are nearly 25%. The displacement response reduction of 0 to 5% occurs in the ATMD and SAIVS-TMD cases compared to the TMD case. The acceleration response reduction of 5 to 10% occurs in the ATMD and SAIVS-TMD cases compared to the TMD case; it should be kept in mind that SAIVS-TMD power requirements are substantially lower than that of the ATMD. Table 5 presents the peak displacement and acceleration responses for uncontrolled, TMD, ATMD, and SAIVS-TMD cases for stiffness uncertainty values of Ϫ15%. The displacement and acceleration response for the case of TMD is within 5 to 10% of the uncontrolled case and clearly the effectiveness of the TMD is diminished since it is mistuned. However, the SAIVS-TMD is still effective as it can retune and reduce the response by nearly 25% when compared to the uncontrolled case, and by nearly 16% when compared to the TMD case. The responses of the SAIVS-TMD and the ATMD are within 5% of each other; it should be kept in mind that SAIVS-TMD power requirements are substantially lower than that of the ATMD. Hence, the SAIVS-TMD is effective is all cases, i.e., 0 and Ϯ15% stiffness uncertainty, similar to an ATMD.
Conclusions
The effectiveness of SAIVS-TMD in response to the control of tall buildings has been studied and its performance evaluated analytically. The developed EMD/HT instantaneous frequency algo- rithm is effective in identifying the dominant frequency and in the selection of the stiffness to reduce the response to wind excitation. The results confirm the robust performance of the SAIVS-TMD in reducing the response of tall structures, even in cases with Ϯ15% stiffness uncertainty. The TMD loses its effectiveness with 15% stiffness variation. The SAIVS-TMD can reduce the response similar to that of an ATMD; however, with an order of magnitude less power consumption.
